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Phenol degradationAbstract Porous nanocrystalline carbon and nitrogen (CN)-doped TiO2 photocatalyst was pre-
pared using carbon tetrachloride and polyaniline as precursors. The obtained powders were char-
acterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), Raman spectroscopy, Fourier transform infrared (FT-IR) spec-
troscopy, and gravimetric analysis. The purpose of this work was to explore the state and location
of nitrogen and carbon atoms introduced inside the TiO2 lattice and to study the exploitation of the
photocatalytic activity of the CN-doped TiO2 for application in phenol degradation under UV illu-
mination. After 30 min from the illumination onset, 64% and 57% of the phenol were degraded
when the CN-doped TiO2 and TiO2 catalysts were used respectively.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
TiO2 is one of the commonly used materials in many aspects of
life. It is a cheap, harmless, chemically and thermally stable,environmental friendly and nontoxic material. Furthermore,
it is considered to be an excellent and promising material in
paints (Zhanga et al., 2012), photocatalysis for water splitting
(production of hydrogen fuel using solar energy) (Fujishima
and Honda, 1972), cosmetics and health care products, degra-
dation of water pollutants, air puriﬁcation, dye-sensitized solar
cell (DSSC) electrodes, sensors and catalysts’ support.
Titanium dioxide photocatalytic applications are based on
the fact that, in the presence of oxygen and ultraviolet (UV)
radiations, it can generate highly reactive oxygen free radicals
such as, HO2
 , HO and O2
 that can oxidize a large number of
organic refractory compounds (Shawabkeh et al., 2010).
Doping of TiO2 using metal or non-metal atoms is a promising
way to enhance its photocatalytic activity. When an oxygen
Figure 1 Scheme summarizes the procedure for the C/N-doped TiO2 preparation.
230 A.M. Abdullah et al.atom, in TiO2, is replaced by lighter elements e.g. boron, car-
bon or nitrogen, the valence band of TiO2 may be depopulated
by three, two or one electron, respectively. At the same time,
the introduction of intraband gap states will allow TiO2 to
absorb light in the visible region. It is worthy to mention that
the higher the atomic number of the dopant element, the lower
is the energy of the corresponding 2p states due to the bigger
nuclear effective charge. In fact, it is reported that doping
TiO2 with carbon and nitrogen increases the photocatalytic
activity and in turn increases the rate of organic compound
degradation (Huang et al., 2008).
Phenolic compounds are considered as one of the most
toxic industrial pollutants; they are produced as intermediates
in many industries e.g. adhesives and antiseptics (Alnaizy and
Akgerman, 2000). So, many works have been done to ﬁnd an
effective way to remove them from wastewater.
Some well-known methods for water treatment e.g. chemi-
cal precipitation, ion-exchange adsorption, ﬁltration, and
membrane systems are not efﬁcient enough to destroy refrac-
tory organic pollutants. Besides, their implementations are
limited because of the high cost and the sophisticated equip-
ment they need (Panda et al., 2011). One of the most efﬁcient
ways that, recently, started to gain more attention is using
heterogeneous semiconducting photocatalysts in an advanced
oxidation process (Shu et al., 2010). Advanced oxidation pro-
cess (AOP) gets rid of phenolic compounds by irradiating them
with light in the presence of a suspension of semiconductor
metal oxide particles e.g. titanium dioxide and zinc oxide in
addition to adding an oxidizing agent e.g. H2O2 or ozone.
This process involves the generation of reactive hydroxyl free
radicals that are potent enough to oxidize many organic pollu-
tants such as phenols. This method is considered to be excel-
lent because of the low-cost, moderate temperature and
pressure conditions and it mineralizes completely the pollu-
tants to water, carbon dioxide and mineral acids in short times,
(Gupta et al., 2006; Lachheb et al., 2002; Bhatkhande et al.,
2002). To increase the efﬁciency of the AOP, in fact, previous
works have been directed for using nitrogen-doped TiO2 for
phenol degradation. For example, Sakthieval et al. used visiblelight and nitrogen-doped TiO2 to mineralize 4-chlorophenol.
They noticed that doping TiO2 with nitrogen lowered the
TiO2 band gap energy by 40–80 meV (Sakthivel et al., 2004).
4-Chloro-phenol degradation using TiO2 with and without Pt
nanoparticles was studied also using Neppolian et al. (2007).
The nitrogen-doped TiO2 that Kisch et al. has prepared was
used to degrade formic acid and was reported to lower the
band gap energy of TiO2 by 0.07–0.16 eV (Kisch et al.,
2007). Venkatachalam et al. used sol gel method to prepare
nitrogen-doped TiO2 and used it for degrading Bis-phenol A
using visible light irradiation (Venkatachalam et al., 2006).
Instead of the TiO2 nanoparticles, Dong et al. used nitrogen-
doped TiO2 nanotubes for degradation of methyl orange using
visible light. They found a signiﬁcant increase in the photocat-
alytic behavior of doped nanotubes compared to the non-
doped ones (Dong et al., 2009). Li et al., used activated carbon
and nitrogen-doped TiO2 which has excellent visible photocat-
alytic activity to remove formaldehyde from air (Li et al.,
2010).
The objective of this work was to prepare C/N-doped TiO2
and use it as a photocatalyst for the degradation of phenol-
contaminated water. Although preparing and studying the
photocatalytic behavior of C/N-doped TiO2 toward degrada-
tion of many organic compounds is not new but the starting
materials that were used in this work are new. In addition
the targeted organic compound was phenol which was not pre-
viously studied before using C/N-doped TiO2 using UV
irradiation.
2. Experimental
2.1. Materials
Titanium dioxide (anatase 99%) was purchased from
Nanostructured & Amorphous Materials, Inc. USA. Aniline,
dimethyl sulfoxide, ammonium peroxydisulfate, and ammonia
solution were purchased from Sigma Aldrich, Germany. For
carbon tetrachloride, it was obtained from BDH Middle
East LLC.
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Figure 2 XRD patterns of the resulting samples (a) Undoped
TiO2 and (b) C/N-doped TiO2 (A: Anatase). Binding energy (eV)
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Figure 4 XPS (N1s) spectra of the prepared C/N-doped TiO2.
Carbon/nitrogen-doped TiO2 2312.2. Preparation of C/N-doped TiO2
C/N-doped TiO2 material was prepared by the following
method: 0.4 g of PANi was dissolved in 30 mL DMSO
(dimethyl sulfoxide) and heated at 50 C with stirring for
1 h, then carbon tetrachloride was added slowly and ﬁnally
TiO2 nanoparticles powder was topped up. The resultant mix-
ture was heated under stirring (250 rpm) at 80 C for 4 h.
Then, after ﬁltration and washing with ethanol and water,
the obtained blue solid mixture was placed in a drying oven
for 10 h and then ground into a ﬁne powder. The obtained
powder was carbonized by heating under a stream of nitrogen
with a ﬂow rate of 50 mL min1 at 550 C for 5 h. The heating
rate was controlled at 5 C min1. The preparation steps are
summarized in Fig. 1.2.3. Preparation of base polyaniline
Acidiﬁed aniline solution was prepared by adding 1.82 mL of
aniline to a 0.309 mL of hydrochloric acid diluted with
100 mL distilled water. Then, a diluted solution of ammonium
peroxydisulfate (5.7045 g in 100 mL distilled water) was added
to the acidiﬁed aniline one under continuous stirring at room
temperature for 24 h. The precipitate was collected on a ﬁlterC-C sp2
N-sp2C
N-sp3C
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Figure 3 XPS (C1s) spectra of the prepared C/N-doped TiO2.paper and dried under vacuum at 50 C overnight. The pre-
pared polyaniline was washed in an ammonia solution
(0.4 mL in 100 mL distilled water) and stirred for 4 h.
Finally, the mixture was ﬁltered and dried under vacuum at
50 C for 24 h (Ayyad and zaghlol, 2012).2.4. Characterization
The X-ray powder diffraction (XRD) patterns were recorded
using a Rigaku MiniFlex II Desktop X-ray Diffractometer
with Cu Ka radiation (k= 1.54178 A˚).
Using Debye–Scherrer’s equation, the crystallite size of the
TiO2 particles was calculated from the [101] diffraction peak
as follows:
Dhkl ¼ 0:89k
Bcosh
ð1Þ
where the Cu Ka1 radiation wavelength (k) = 1.54056 A˚, B is
measured in radians and it is equal to the width of the peak at
an intensity equal to half of the maximum peak intensity. h is
the diffracted angle at the maximum peak intensity.Binding energy (eV)
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Figure 5 XPS (O1s) spectra of the prepared C/N-doped TiO2.
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Figure 6 XPS (Ti2p) spectra of the prepared C/N-doped TiO2.
(3μm)
Figure 8 SEM micrographs for C/N-doped TiO2 aggregates.
232 A.M. Abdullah et al.The transmission electron microscopy (TEM) study was
carried out using a FEI TECNAI GF20 S-TWIN electron
microscopy instrument. The samples for TEM were prepared
by sonicating a dispersion of the C/N-doped TiO2 powder in
isopropanol for 2 h, then the dispersion was dropped on a car-
bon copper grid.
Nova Nano scanning electron ﬁeld emission microscope
(SEM) was used to document micrographs for the morphology
of the prepared materials using an accelerating voltage of
5.0 kV.
The Fourier transform infrared (FT-IR) spectrum of the
prepared C/N-doped TiO2 was recorded in the region of
4000–500 cm1 using an FT-IR Perkin Elmer/spectrum 100
spectrometer.
Furthermore, X-ray photoelectron spectroscopy (XPS)
measurements were performed using a PHI Quantum 2000
XPS system with a monochromatic Al Ka source and a charge
neutralizer. XPS signals were recorded using a Thermo
Scientiﬁc K-Alpha XPS system (Thermo Fisher Scientiﬁc,
UK) that is equipped with a micro-focused monochromatic
Al Ka X-ray source (1486.6 eV).
Raman spectra were recorded using an InVia Raman
microspectrometer working under macroconditions4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1) 
Absorbance
Figure 7 FT-IR spectrum of C/N-doped TiO2.(f= 3 cm) with excitation line at 633 nm. The samples were
measured directly (without any pre-treatment) and the laser
power at the sample was maximum of 2 mW.
2.5. Photoreactivity experiments
Phenol solutions of 20 mg L1 were prepared in deionized
water with and without H2O2. For each test, 0.02 g of the pre-
pared catalyst was added to 50 mL of each solution and mixed
using a magnetic stirrer in the dark for 30 min until the adsorp-
tion equilibrium was reached. Then, the suspension was illumi-
nated using a high pressure mercury lamp (300 W) emitting
ultraviolet radiation (UV) with a maximum radiation peak
of 365 nm. No pH adjustment of the phenol solution was per-
formed. The distance between the liquid and radiation source
was 4.5 cm. The time at which the ultraviolet lamp was turned
on was considered as ‘‘time zero’’ i.e. the start of the experi-
ment. Samples were taken at 30 min intervals from the reaction
vessel and ﬁltered to remove the suspended composite particlesFigure 9 TEM image for the prepared C/N-doped TiO2.
W
ei
gh
t l
os
s %
Temperature ◦ C
Figure 10 TGA thermogram of the prepared C/N-doped TiO2
after carbonization at 550 C for 5 h.
Carbon/nitrogen-doped TiO2 233using nylon ﬁlter paper with a pore size of 0.4 lm. The concen-
tration of the phenol was determined using the UV–vis spec-
trophotometer with a UV absorbance range of 190–400 nm,
and the 269 nm absorbance corresponded to the maximum
absorption of phenol.
3. Results and discussion
3.1. XRD patterns
X-ray diffractometry was used to characterize the phase com-
position and the particles’ size of the obtained product. Fig. 2
compares the XRD patterns of the C/N-doped and undoped
TiO2. It reveals that there are several crystalline peaks at 2hR
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Figure 11 Raman spectra for the pure TiO2 and C/N-doped TiO2 in tvalues of 25(101), 38(004) and 48(200). Since these peaks
are corresponding to the anatase phase, so it can be concluded
that only anatase has existed in the prepared powders of C/N-
doped TiO2 (Gajjela et al., 2010). The particle size was calcu-
lated and was found to be in the range 38–40 nm for the
C/N-doped TiO2. These results were conﬁrmed using TEM
micrographs which will be presented later (Fig. 9).
3.2. XPS spectra
XPS study was carried out to check the surface chemical com-
positions of C/N-doped TiO2 (see Fig. 3).
3.2.1. C1s
Deconvolution of C1s region showed a main peak at 284.6 eV
corresponding to C-sp2. In addition, the peaks observed at
285.1 eV and 286.6 eV refer to the formation of N-sp2C and
N-sp3C bonds, respectively. No peaks were found at around
289 eV (Ohno et al., 2004) which conﬁrmed that carbonate
species did not form in the prepared material. This reveals that
the oxygen sites in the TiO2 lattice were substituted by carbon
atoms and formed a CATiAO structure (Huang et al., 2008).
3.2.2. N1s
Fig. 4 shows the nitrogen region of the XPS measured spec-
trum for the C/N-doped TiO2. It reveals the presence of a large
peak in the range of 397.3–403.3 eV. It is centered around
400.1 eV which can be attributed to the 1s electron binding
energy of the N atom in the environment of OATiAN as
reported by Chen and Burda, (2004); Kolesnik et al., (2013);
Bellardita et al., (2009). The atomic content of nitrogen in
C/NATiO2 was found to be 0.4%.R
am
an
 In
te
ns
ity
Wavenumber/cm-1
/cm-1
B
C
CN-doped TiO2
CN-doped TiO2
Pure TiO2
Pure TiO2
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Figure 12 Effect of UV irradiation time on the concentration of
phenol in the presence of the C/N-doped and undoped TiO2.
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The 1s oxygen region in the XPS of the prepared C/N-doped
TiO2 is shown in Fig. 5. The O1s peak consists of two compo-
nents with binding energy of 530.3 and 531.5 eV. The ﬁrst
component corresponds to the oxygen bound to tetravalent
Ti ions (oxygen atoms in nanocrystalline anatase, OATiAO)
and the second one (broadening) can be attributed to surface
hydroxyl groups, which is always present at the surface of
nanocrystalline TiO2 (Ti-OH). This broadening at 531.5 eV
conﬁrms the presence of another type of oxygen due to the
more covalent nature of NATiO2 (Chi et al., 2007). This might
be related to the presence of oxygen and nitrogen from the
same lattice units in TiO2.
3.2.4. Ti2P
In the Ti2p spectra shown in Fig. 6, only the signals that cor-
respond to Ti4+ were detected. The spectrum shows peaks at
459.2 and 465 eV which correspond to the spin orbit coupling
of Ti2P3/2 and Ti2P1/2, respectively. The observed peaks posi-
tions, the binding energy separation between the 2p1/2 and
2p3/2 peaks of 5.8 eV and the broad peak (low intensity at
473.2 eV) are characteristics for TiO2. In the literature, the
Ti2p XPS peak of un-doped TiO2 appears normally at
459.5 eV (Saha and Tomkins, 1992). So, the nitrogen incorpo-
ration shifted the XPS spectrum to a lower binding energy
(459.2 instead of 459.5 eV).
3.3. FT-IR
The surface chemical bonding state of the prepared material
was characterized by FT-IR spectroscopy. Fig. 7 shows the
FT-IR spectrum of the C/N-doped TiO2. The sample shows
an absorption peak at about 3000 cm1 which is assigned to
molecularly chemisorbed water. The peaks at 1195 and
940 cm1, are attributed to the CAN stretch (aliphatic amine)
and ‚CAH bend (alkenes), respectively (Vinu, 2008).
3.4. SEM
The morphology of the C/N-doped TiO2 powder was analyzed
using SEM. Fig. 8 shows the SEM micrographs for theC/N-doped TiO2 powder. As can be seen C/N-doped TiO2
powder shows a porous structure consisting of150 lm – clusters
which are consisting of smaller particles with an average size of
300 nm.
3.5. TEM
Fig. 9 shows the TEM images of the C/N-doped TiO2. It can
be clearly seen that the C/N-doped TiO2 particles have
uniform size of about 35–40 nm which agrees with the afore-
mentioned XRD-based calculations. The observed particles
indicate that the CN doped TiO2 is highly crystalline.
3.6. Thermogravimetric analysis
The Thermal stability for the prepared material was tested
using thermal gravimetric analysis as shown in Fig. 10.
C/N-doped TiO2 powder shows negligible weight loss which
conﬁrms that the organic constituents that were used during
the synthesis process were completely removed during the
carbonization process.
3.7. Raman spectroscopy
Raman spectroscopy was used to investigate various phases of
titanium dioxide. Fig. 11 shows the Raman spectra for the
pure TiO2 and C/N-doped TiO2 in the range of (A) 100–
3300, (B) 100–800 and (C) 100–300 cm1. Raman peak at
about 146 cm1 was attributed to the main Eg anatase vibra-
tion mode. Moreover, vibration peaks at 190 cm1 (Eg),
391 cm1 (B1g), 512 cm
1 (A1g), and 634 cm
1 (Eg) are corre-
sponding to anatase TiO2. The spectrum for the C/N-doped
TiO2 sample proves that the anatase TiO2 is the dominant
phase, which is consistent with the results of XRD patterns
(Cong et al., 2007). It has been known that the Eg, B1g and
the A1g peaks are originated from symmetric stretching,
symmetric bending and antisymmetric bending vibrations
of OATiAO in TiO2, respectively (Tian et al., 2012).
Consequently, comparing the lowest frequency peak at
146 cm1 for the C/N-doped TiO2 with the un-doped TiO2,
it can be seen that the intensity of this peak is increased and
its width is broadened and slightly shifted after nitrogen
doping.
The D and G peaks appear at 1347 and 1585 cm1 respec-
tively. D peak corresponds to the presence of alternating ring
stretch vibration in benzene ring (present in the polyaniline). G
peak indicates the presence of the C‚C sp2 stretch vibration in
benzene ring (Schwan et al., 1996). The ratio of D band to the
G band equals 0.904
3.8. Photocatalytic reactivity
The concentration of phenol at various time intervals was
followed to determine the kinetics of disappearance of
phenol. In Fig. 12, the effect of UV irradiation time on the
concentration of phenol in the presence of the C/N-doped
and undoped TiO2 is presented. The results showed an
enhanced removal activity compared to the commercial
TiO2 after 60 min of irradiation time. A 63.7% of phenol
was photodegraded by the CN doped TiO2. However, for
Figure 13 Mechanism of generation of hydroxide ions and hydroxyl free radicals using C/N-doped TiO2 under UV irradiation
(Shawabkeh et al., 2010).
Figure 14 Proposed decomposition mechanism of phenol by OH radicals to produce carbon dioxide and water.
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236 A.M. Abdullah et al.pure TiO2 sample, only 57% of phenol was photodegraded.
The phenol degradation rate increased rapidly in the ﬁrst
90 min. After 150 min of irradiation time, the degradation
percentage of phenol in the presence of C/N-doped TiO2
and undoped TiO2 is almost the same which is around
87%. This identical degradation percentage is attributed to
the accumulation of the CO2 on the surface of the catalyst
resulting in reducing its activity.
The oxidation reaction of phenolic compounds was initi-
ated by OH radicals. Hydroxyl group has an important inﬂu-
ence on the chemical properties of TiO2. In the presence of O2,
the OH radicals are generated as shown in Fig. 13 (Alnaizy
and Akgerman, 2000; Shawabkeh et al., 2010). Then the OH
radicals react with phenol to produce carbon dioxide and
water. The proposed mechanism is represented in detail in
Fig. 14. In fact, more studies are needed to prove the accuracy
of the proposed mechanism.4. Conclusions
Carbon/Nitrogen-doped TiO2 nanoparticles, with a particle
size of 35–40 nm, were prepared by using carbon tetra-
chloride and polyaniline as the source for carbon and nitro-
gen, respectively. The resulting materials were characterized
by XRD, TEM, FT-IR, SEM, TGA, Raman spectroscopy
and XPS techniques. The characterization results revealed
the presence of nitrogen in the TiO2 lattice. XPS analysis
showed N-doping concentrations of 0.4 atomic% for the
C/N-doped TiO2. Under UV irradiation, the resulting sam-
ples showed better removal efﬁciency for phenol than the
commercial TiO2 photocatalyst after 60 min of irradiation
time where the degradation percentage was 64% compared
to 57%. After 90 min the degradation percentage became
similar 87% which is due to the accumulation of the
CO2 on the surface of the C/N-doped TiO2 catalyst which
resulted in reducing its activity. The total amount of phenol
that was removed was 87% at 150 min.Acknowledgment
The authors gratefully thank the Center for Advanced
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